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uPAR and cathepsin B shRNA impedes TGF-/H -driven 
proliferation and invasion of meningioma cells 
in a XIAP-dependent pathway 

VR Gogineni 1 ' 3 , R Gupta 1 ' 3 , AK Nalla 1 , KK Velpula 1 and JS Rao*' 1 ' 2 

Overexpression of transforming growth factor p\ (TGF-/M) has been linked to immune suppression, tumor angiogenesis, tumor 
cell migration, tumor cell survival, and tumor cell invasion in many cancers. In the present study, we found abundant expression 
of TGF-/f1 in the microenvironment of four different pathological types of meningioma tumors. TGF-/f1 induced invasion in 
malignant meningioma cells with an associated upregulation of urokinase-type plasminogen activator (uPA), uPAR, cathepsin B, 
and MMP-9, and this increase in proliferation was coupled with the expression of anti-apoptotic and pro-survival signaling 
molecules. In addition to the intense immunoreactivity of meningioma tumors to X-linked inhibitor to apoptosis (XIAP), its 
knockdown abolished the TGF-/M -induced proliferation of these cells. The stimulation of XIAP expression and the activation of 
pSMAD-2 is mediated by phosphatidylinositol 3-kinase (PI3K)- and MEK-dependent pathways, and the addition of anti-TGF-/?1 
antibodies prevented their expression with a consequent decrease in invasion. Bicistronic shRNA constructs targeting uPAR 
and cathepsin B (pUC) quenched TGF-/TI -driven invasion and survival of meningioma cells by downregulation of XIAP and 
pSMAD-2 expression. Animal models with intracranial tumors showed elevated levels of TGF-/M, XIAP and pSMAD-2, and pUC 
treatment prevented this increased expression. Thus, targeted silencing of TGF-/M -induced signaling by pUC in meningioma 
would provide new treatment approaches for management of meningioma. 
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Meningioma is the second most common primary tumor of the 
central nervous system and arises from the arachnoidal 'cap' 
cells in the meninges. Meningiomas constitute 20% of all 
intracranial primary brain tumors and are more frequent in 
females. 1 These tumors are usually benign in nature; 
however, they can be malignant because their continued 
growth impacts surrounding brain tissue. Dysregulation of 
apoptosis is an early event in the pathogenesis of meningio- 
mas, and this inherent resistance to various pro-apoptotic 
signals may contribute to a tumor's resistance to current 
chemotherapeutic agents. 

Transforming growth factor ft (TGF-/?) is involved in 
physiological processes, such as wound healing, tissue 
development, and remodeling. TGF-/? has also been implicated 
in cancer, and it has been shown to regulate a number of 
events, such as angiogenesis, immune suppression, and cell 
migration. 2-4 Most breast cancers express TGF-/?, and TGF-/?1 
is the most prominent form found in the plasma. 5 ' 6 Clinically, 
TGF-/?1 is often elevated in the plasma of breast cancer 



patients, and preclinical^, several models have shown correla- 
tions among TGF-/? expression with increased tumorigenicity, 
invasiveness, and drug resistance. 7 ' 8 In mouse models of 
breast cancer, TGF-/? signaling has been shown to promote 
both lung and bone metastasis. 9 TGF-/? cytokines may also 
inhibit proliferation and induce pro-apoptotic genes, such as the 
Bcl-2 superfamily members BMFan6 BIM, as demonstrated in 
primary cultures of human fetal hepatocytes, but they also 
upregulate anti-apoptotic genes, such as BCL-XL and XIAP. 10 
Thus, TGF-/? cytokines are pleiotropic and can exert tumor- 
suppressing as well as tumor-promoting effects. It has been 
shown that TGF-/? signaling through mitogen-activated protein 
kinase, c-Jun-NH 2 -kinase, p38, phosphatidylinositol 3-kinase 
(PI3K), and G-proteins may be responsible for some of the 
oncogenic effects in late-stage tumorigenesis. 11 It is believed 
that these SMAD and non-SMAD signaling pathways contribute 
to the pro-oncogenic effect of TGF-/? in late-stage tumors by 
promoting the epithelial-mesenchymal transition, migration, 
angiogenesis, proliferation, and immune suppression. 
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Activation of receptor-bound, urokinase-type plasminogen 
activator (uPA) on the cell surface seems to play an important 
role in cancer cell invasion and metastasis. 12 Expression of 
both uPA and uPAR correlates with an invasive cancer cell 
phenotype and poor prognosis. 13 Expression of proteolytic 
parameters of the urokinase-type plasminogen activator 
system (uPA, uPAR) and cathepsin B have been proven to 
be independent prognostic parameters in cancer. For colon 
cancer, a high uPAR level portends a low 5-year survival 
rate. 14 It has been shown that the uPAR protein is inducible by 
TGF-/?. 15 Our investigation uses this approach to examine the 
therapeutic significance of RNAi-mediated simultaneous 
downregulation of these proteolytic networks on TGF-/?1- 
induced signaling in malignant meningiomas. 

Results 

Meningioma tumors express TGF-/J1. We conducted 
immunohistochemical analysis for TGF-/?1 on different types 
of formalin-fixed meningioma clinical tissue samples and 
found the presence of TGF-/?1 in more than 94% of malignant 
meningioma types (average score: 76/80) indicating that 
TGF-/?1 is present in the tumor microenvironment. Epithelial- 
type meningioma showed distribution of immunoreactivity 
throughout the tumor tissue (Figure 1a). The cells of fibrous 
meningioma are usually arranged in fascicles, and TGF-/?1 
reactivity was seen along these fascicles of cells (Figure 1a). 
Mixed or transitional meningioma is mostly characterized by 



whorls of cells and varied cell types. We observed the 
presence of intense staining surrounding the whorls and 
diffused staining among the other sites of the tissues 
(Figure 1a). In atypical meningioma, which is characterized 
by invasive cells, we found strong reactivity for TGF-/?1 in the 
entire tumor section, indicating high expression (Figure 1a). 
Further analysis of patient's data revealed that malignant 
meningiomas showed greater than 92% positive reactivity to 
TGF-/?1 regardless of sex or type with more than half of the 
cases showing very strong reactivity (Figures 1a and b). 
Next, we have tested and found the expression of TGF-/?1 at 
the protein level in lOMM-Lee and CH157-MN cells using 
western blotting (Figure 1c). 

TGF-/H induces invasion in meningioma cells. To 

observe dose-dependent effects of TGF-/?1 on cellular 
invasion and to correlate our observations with the role of 
TGF-/?1 in meningioma cell invasiveness, we performed 
Matrigel invasion assays. We observed that the effect of 
TGF-/?1 on invasion was dose dependent at TGF-/?1 
concentrations of 10-50ng/ml, with a positive response until 
a dose of 30 ng/ml and a decrement upon further increase in 
dosage (Figure 2a). Subsequently, we examined the effect of 
TGF-/?1 on invasive molecules in meningioma cells. We 
observed peaks of uPA, MMP-2, and MMP-9 expression in 
response to TGF-/?1 at a concentration of 30 ng/ml as 
compared with the unstimulated cells (Figure 2b). IOMM- 
Lee cells showed a significant increase of uPA (3.1 -fold), 
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Figure 1 Meningioma tumors express TGF-/71 . (a) Immunohistochemical analysis for TGF-/71 was performed on the tissue microarrays of clinical meningioma samples. 
Representative images of whole array and different meningioma types ( x 400) are shown, (b) Immunoreactivity for TGF-/?1 was plotted as percent positivity under different 
categories. Scoring was made for the reactivity as negative, less reactive, and highly reactive. (Others; atypical (n = 2), psammomatous (n = 2), microcapsule (n = 2), 
chordoid (n = 1), sparse = 1), and papillary (n= 1)). Each picture or value is a representative or mean of three independent arrays, (c) lOMM-Lee and CH157-MN cell 
lysates were subjected to immunoblotting for TGF-/?1. GAPDH served as loading control. Each blot is representative of three independent experiments 
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Figure 2 TGF-/?1 promotes cellular proliferation of meningioma cells in a dose-dependent manner, (a) lOMM-Lee and CH157-MN cells were grown to 90% confluence 
and then stimulated with TGF-/71 at various doses for 24 h. Cells were trypsinized and 0.4 x 10 5 cells were allowed to invade Matrigel-coated transwell inserts for 24 h at 
37 °C. Then, the cells were fixed and stained. Invaded cells were photographed under a light microscope and the number of invaded cells was plotted against the dose of TGF- 
fi\ (Columns: mean, bar: ± S.D.; n = 3). (b) Cell lysates from lOMM-Lee and CH157-MN cells that were treated with the indicated doses of TGF-^1 for 48 h were subjected to 
western blot analysis for the detection of uPA, MMP-2, and MMP-9 using specific antibodies. GAPDH served as a loading control. Each blot is indicative of three independent 
experiments, (c) The band intensities from each blot were quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA) and relative expression was 
plotted. Columns represent mean±S.D. of three independent experiments. *P<0.05, significant difference from control without treatment, (d) Cell proliferation of 
meningioma cells that were treated with the indicated doses of TGF-/?1for 72 h was measured using BrdU (colorimetric) kits. Data shown are mean ± S.D. from three different 
experiments. *P<0.05, significant difference from control without treatment, (e) Cell lysates from lOMM-Lee and CH157-MN cells that were treated with specified doses of 
TGF-/?1 for 48 h were subjected to western blotting for the detection of Bcl-XL, Cdc42, Cyclin D, P53 and P21 using specific antibodies. GAPDH served as a loading control. 
Each blot is indicative of three independent experiments, (f) The band intensities from each blot were quantified using ImageJ software, and the relative expression was 
plotted. Columns represent mean ± S.D. of three independent experiments. *P<0.05, significant difference from control without treatment 



MMP-2 (2.0-fold), and MMP-9 (2.1 -fold). The expression of 
these molecules among CH157-MN cells was comparable, 
showing a 3.0-fold increase in uPA levels and a 2.0-fold 
increase in MMP-2 levels (Figures 2b and c); there was a 
slight but significant increase of MMP-9 protein (1.8-fold) in 
CH157-MN cells (Figures 2b and c). Though, a decrease in 
the expression patterns of these molecules was observed at 
higher concentrations of TGF-/?1 treatment, the levels were 
found to be comparable to those of the respective untreated 
cells (Figures 2b and c). Conversely, astrocytes treated 
with different concentrations of TGF-/?1did not show any 
significant change in the expression of uPA, MMP-2, and 
MMP-9 molecules (Supplementary Figure 1) 

TGF-/TI promotes cellular proliferation in cultured 
meningioma cells in a dose-dependent manner. To 

observe the effect of TGF-/?1 on meningioma cell growth, 



we performed the BrdU proliferation assay. Not surprisingly, 
a dose-dependent effect on cell proliferation was observed in 
both cell lines with a maximum increase at 30ng/ml. The 
increase was significant, with lOMM-Lee cells showing a 1 .4- 
fold increase and CH157-MN cells showing a 2-fold increase 
compared with the respective untreated cells (Figure 2d). In 
contrast to CH157-MN cells, lOMM-Lee cells showed 
diminished proliferation at higher doses of TGF-/?1 upon 
comparison with unstimulated cells (Figure 2d). Next, we 
examined the effect of TGF-/?1 on anti-apoptotic and pro- 
proliferative molecules in meningioma cells. We observed 
Bcl-XL, Cdc42, and cyclin-D expression in meningioma cells 
incubated with TGF-/?1 at various concentrations for 24 h. 
Similar to invasive molecules, we found the maximum 
response at 30ng/ml of TGF-/?1 (Figure 2d). A significant 
increase of more than 1 .5-fold increase was seen in all the 
molecules in both cell lines (lOMM-Lee: Bcl-XL, 1.5-fold; 
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Cdc42, 1.5-fold; cyclin-D, 1.8-fold; CH157-MN: Bcl-XL, 2- 
fold; Cdc42, 1.5-fold; cyclin-D, 2-fold) (Figures 2e and f). 
Surprisingly, we observed significantly enhanced expression 
ofp53andp21 at 30ng/ml of TGF-^1 (lOMM-Lee: > 2.0-fold; 
CH157-MN: >2. 1-fold), which is in accordance with our 
earlier study demonstrating the anti-apoptotic role of p53 
and its downstream molecules in meningiomas (Figures 2e 
and f). 

TGF-/J1 signaling regulates XIAP gene expression in 
meningioma cells. Given that X-linked inhibitor of apopto- 
sis protein (XIAP) is a vital effector molecule in a SMAD- 
dependent manner for the tumor-promoting function of TGF- 
/?1 in cancer cells, 16 we investigated its role in meningioma 
cells. We observed an increase in expression of XIAP and 
pSMAD-2 among the TGF-^1 -treated meningioma cells at 
various concentrations. Maximum expression/activation of 
these proteins was seen in 30ng/ml treatment groups, 
whereas expression was adversely affected at higher 
concentrations (Figure 3a). The increase of XIAP expression 
and SMAD-2 phosphorylation was found to be greater than 
1.8-fold in both cell lines tested (Figures 3a and b). To 
establish a causal role for these molecules in TGF-/?1 
signaling, we performed function-blocking experiments. 



Blockade of TGF-/?1 signaling via neutralizing antibodies 
significantly affected the expression of XIAP and phosphor- 
ylation of (SMAD-2) in both cell lines (Figure 3c). Further, we 
extended our function-blocking studies to determine the 
invasiveness of meningioma cells. As anticipated, neutraliz- 
ing antibodies quenched the TGF-/?1 (30ng/ml)-induced 
invasion in both cell lines (Figure 3d). In subsequent 
experiments, we used specific inhibitors that block PI3K 
and ERK pathways to find their role in TGF-/?1 -induced 
signaling. We observed a partial decrease of XIAP expres- 
sion and SMAD-2 phosphorylation in both inhibitor experi- 
ments, suggesting multiple pathways are activated to 
regulate signaling (Figure 3e). Although the effect of 
inhibitors was significant in both cell lines, CH157-MN cells 
had a better response at the tested concentrations (Figures 
3e and f). 

Knockdown of XIAP abolishes TGF-/H -driven cell 
proliferation. After results showed consistent modulation 
of XIAP, we questioned whether its role in TGF-/?1 signaling 
is supplementary or critical. Consequently, we initially 
measured the expression of XIAP in tumor sections in which 
we already noted TGF-/?1 expression. We found immunor- 
eactivity to XIAP in all the samples that were positive for 
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Figure 3 TGF-/?1 signaling regulates XIAP gene expression in meningioma cells, (a) Cell lysates from lOMM-Lee and CH157-MN cells that were treated with specified 
doses of TGF-/?1 were subjected to western blotting for the detection of XIAP, SMAD-2, and pSMAD-2 using specific antibodies. GAPDH served as a loading control. Each blot 
is indicative of three independent experiments, (b) Band intensities from each blot were quantified using ImageJ software and the relative expression was plotted. Columns 
represent mean ± S.D. of three independent experiments. *P<0.05, significant difference from control without treatment, (c) lOMM-Lee and CH157-MN cells were grown to 
90% confluence and then stimulated by TGF-/H (30 ng/ml) in conjunction with anti-TGF-^1 antibody or nonspecific IgG (NsAb) for 48 h (1 0 ^g/ml). Cell lysates were probed for 
XIAP and pSMAD-2. GAPDH served as a loading control, (d) For invasion assays, cell for 24 h were trypsinized and allowed to invade Matrigel-coated transwell inserts for further 
24 h at 37 °C. Then, the cells were fixed and stained. Invaded cells were photographed under a light microscope and percent invaded cells were plotted. Columns: mean; bars: 
± S.D.; n = 3; # P<0.05 versus control, (e) lOMM-Lee and CH157-MN cells grown to 90% confluence were pre-treated with vehicle (mock), PI3K inhibitor (LY294002;10 /iM), or 
MEK1/2 inhibitor (U0126; 10 ^M) for 30min and then stimulated by TGF-/21 (30 ng/ml) as indicated. Cell lysates were probed for XIAP and pSMAD-2 after 48h of treatment. 
GAPDH served as a loading control, (f) The band intensities were quantified with ImageJ software, and the relative protein expression was plotted. Each blot represents three 
independent experiments and each column designates mean ± S.D. of three independent experiments. # P<0.05, significant difference from TGF-01 stimulated group of cells 
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TGF-/?1 expression (Figure 4a). Although all four types of 
meningiomas were positive for XIAP expression, the 
intensity of reactivity was greater in atypical meningiomas 
(Figure 4a). Next, we used shRNA constructs to knock 
down XIAP and analyzed the consequential effects. Our 
western blot analysis showed that XIAP levels were 
markedly diminished in shRNA-treated cells (Figures 4b 
and c). Immunoprecipitation of whole-cell lysates with 
pSMAD-2 antibody and subsequent western blotting for 
XIAP revealed that pSMAD-2 directly interacts with XIAP 
and follows XIAP expression patterns in these cells 
(Figure 4b). However, the SMAD-2 levels remained same 
in the whole-cell lysates of the treated cells (Figure 4b). 
We noticed a significant decrease of proliferation in 



cells transfected with shRNA constructs compared with 
scrambled vector constructs (Figure 4d). The decrement 
was evident in both cell lines, and the cell numbers in TGF- 
/?1 -induced cells transfected with shRNA were smaller in 
comparison even to controls, indicating an obligatory role of 
XIAP (Figure 4d). We also tested the potential effect of 
XIAP knockdown on the invasiveness of the cells. We 
observed a substantial decline in the percentages of 
shRNA-expressing invaded cells, and TGF-/?1 -induced 
invasion was particularly adversely affected (Figure 4e). 
Further, TGF-/?1 -induced cells treated with embelin (XIAP 
inhibitor) have shown inhibition of SMAD-2 phosphorylation 
validating the function of XIAP shRNA in these cells 
(Supplementary Figure 2). 






Figure 4 Knockdown of XIAP abolishes TGF-/?1 -driven cell proliferation, (a) Immunohistochemical analysis for TGF-/?1 was performed on the tissue arrays of clinical 
meningioma samples. Representative images ( x 400) of different meningioma types are shown, (b) Cells (1.5 x 10 5 ) seeded in a six-well plate were transfected with 
scrambled vector (SV) or shXIAP for 24 h and stimulated with TGF-/?1 for another 24 h. Cell lysates were either probed for TGF-/?1 and GAPDH or immunoprecipitated with 
anti-pSMAD-2 antibody to analyze TGF-/?1 levels by western blotting. Each blot is a representative of three independent experiments, (c) The band intensities from each blot 
were quantified with ImageJ software and relative expression levels were plotted. Columns: mean; bars: ± S.D.; n= 3; *P<0.05 versus control, (d) Cells (1.5 x 10 5 ) seeded 
in a six-well plate were transfected with SV or shXIAP for 24 h and stimulated with TGF-/?1 for another 24 h. Treated cells were analyzed for cell proliferation after another 48 h 
and relative cell proliferation was plotted. Columns: mean; bars: ± S.D.; n = 3; *P<0.05 versus control, (e) After 24 h of TGF-^1 treatment, cells were allowed to invade 
Matrigel-coated transwell inserts for further 24 h at 37 °C before fixing and staining. Then, the invaded cells were photographed under a light microscope and percent invaded 
cells were plotted. Each column designates mean ± S.D. of three independent experiments. *P<0.05, significant difference from SV + TGF-/?1 
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Downregulation of uPAR and cathepsin B reduces TGF- 
/i1 -induced proliferation and invasion in meningioma. 

After our initial verification of TGF-/?1 -mediated uPA, MMP- 
2, and MMP-9 upregulation with a concomitant increase in 
invasion of meningioma cells, we also observed an increase 
in the levels of uPAR and cathepsin B in TGF-/?1 -mediated 
signaling (Figure 5a). Transfection with shRNA constructs 
targeting uPAR and cathepsin B led to a marked decrease 
in their expression (Figure 5a). The decrease was more 
pronounced in TGF-/?1 -treated cells compared with 
untreated cells (Figure 5b). We performed western blotting 
for XIAP and pSMAD-2 to confirm the upstream action of 
uPAR and cathepsin B in TGF-/?1 -initiated signaling. The 
expression of XIAP and phosphorylation of SMAD-2 were 
substantially reduced by the silencing of uPAR and 
cathepsin B in both cell lines (Figures 5a and b). The 
consequences of uPAR and cathepsin B knockdown were 
also reflected in cellular proliferation. BrdU assays 



performed on shRNA-treated cells showed a discernible 
decrease in proliferation in both cell lines (Figure 5c), and 
the degree of decrease in proliferation was more evident 
and significant in TGF-/?1 -treated cells. The invasive 
potential of I O MM -Lee and CH157-MN cells was also 
affected by uPAR and cathepsin B knockdown. Comparable 
to proliferation results, the percentage of invaded cells was 
also remarkably low in shRNA-treated cells. There was a 
2-fold reduction in shRNA-treated cells, whereas the 
decline was > 3-fold in TGF-/?1 -treated, shRNA-expressing 
cells in comparison with cells treated with TGF-/?1 alone 
(Figures 5c and d). Next, we assessed the expression 
profiles of other invasive and proliferative molecules that 
have been observed to change with TGF-/?1 signaling. 
Besides uPAR and cathepsin B, the protein levels of uPA, 
MMP-2, Cdc42, and cyclin-D were significantly lowered 
after shRNA treatments showing the reversal of TGF-/?1- 
induced signaling (Figures 5e and f). 
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Figure 5 Downregulation of uPAR and cathepsin B decreases TGF-/71 -induced proliferation and invasion in meningioma, (a) Cells (1 .5 x 10 5 ) seeded in a six-well plate 
were transfected with scrambled vector (pSV) or pUC for 24 h and stimulated with TGF-/?1 for another 24 h. Cell lysates were probed for uPAR, cathepsin B, XIAP, and 
pSMAD-2; GAPDH served as a loading control. Each blot is representative of three independent experiments, (b) The band intensities from each blot were quantified with 
ImageJ software and relative expression levels were plotted. Columns: mean; bars: ± S.D.; n = 3. (c) Treated cells were analyzed for cell proliferation after another 48 h and 
relative cell proliferation was plotted. Columns: mean; bars: ± S.D.; n = 3; *P< 0.05 versus control, (d) After 24 h of TGF-/?1 treatment, cells were allowed to invade Matrigel- 
coated transwell inserts for further 24 h at 37 °C before fixing and staining. Then, the invaded cells were photographed under a light microscope and the percent invaded cells 
were plotted. Columns: mean; bars: ± S.D.; n = 3; *P< 0.05 versus control, (e) Lysates from pSV- and pUC-treated cells were probed for Cdc42, cyclin-D, MMP-2, and uPA; 
GAPDH served as a loading control. Each blot is representative of three independent experiments, (f) The band intensities from each blot were quantified with ImageJ software 
and relative expression levels were plotted. Each column designates mean ± S.D. of three independent experiments. *P<0.05, significant difference from SV + TGF-/? 
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Knockdown of uPAR and cathepsin B decreases 
reduces TGF-/H -induced signaling in vivo. The findings 
of our in vitro investigations were verified in orthotopic tumors 
models and meningioma clinical samples obtained post- 
operatively. The immunoreactivity of TGF-/?1 in orthotopic 
tumors initiated with I O MM -Lee and CH157-MN cells was 
remarkably high compared with normal brain sections. 
Despite the existence of TGF-/?1 in all the observed fields, 
intense staining was detected in the dense whorls of 
meningioma cells, whereas normal mouse brains showed 
very little or no reactivity (Figure 6a). In addition to 
morphological and behavioral recovery, concurrent knock- 
down of uPAR and cathepsin B led to a decrease in XIAP and 
pSMAD-2 expression in the brain sections of animals 
implanted with lOMM-Lee cells. We detected a marked 
change in the extent of their expression within 2 weeks 



of pUC infusion compared with pSV-treated sections 
(Figure 6b). Total tumor burden was also observed to be 
less than 50% in pUC-treated animals. To complement our 
immunohistochemical analysis, we made lysates of frozen 
clinical samples and mice brains and compared the expres- 
sion of XIAP and pSMAD-2 with either normal human brain or 
normal mouse brain tissue. Clinical samples (18/20) and 
tumors formed in brains had elevated levels of TGF-/?1, 
XIAP, and pSMAD-2 (Figure 6c). The relative expression 
of these proteins was significantly higher with a more than 
2.5-fold increase in the tumors (Figure 6d). 

Discussion 

TGF-/?1 is a pleotropic regulatory polypeptide that performs 
contrasting roles either by inhibiting primary tumor 
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Figure 6 Knockdown of uPAR and cathepsin B reduces TGF-/?1 -induced signaling in vivo, (a) Nude mice were intracranially implanted with lOMM-Lee and CH157-MN 
cells as described in Materials and Methods. Formalin-fixed brain sections were subjected to immunostaining with anti-TGF-/?1 antibody and nonspecific IgG (NsIgG). 
Representative photomicrographs ( x 200) are shown in comparison with normal mouse brain sections, (b) Nude mice intracranially implanted with lOMM-Lee cells were 
subsequently treated with pSV and pUC in different groups as described earlier. Formalin-fixed brain sections were checked for immunoreactivity with XIAP, pSMAD-2, and 
uPAR antibodies, and representative photomicrographs ( x 200) are shown, (c) Frozen brain tissue lysates either from animal models or clinical samples were blot transferred 
and analyzed for TGF-/?1, XIAP, and pSMAD-2; GAPDH served as a loading control (H, human; M, mouse), (d) The band intensities from each blot were quantified with 
ImageJ software and relative expression levels were plotted. Each column designates mean ± S.D. of three independent experiments. *P<0.05, significant difference from 
respective normal tissues, (e) Schematic representation of TGF-/?1 induced signaling in meningioma cells 
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development and growth or by promoting tumor progression 
through a complex network of interdependent actions in late 
stages. 17 The critical role of TGF-/?1 along with the effectors 
involved in signaling cascades offer potentially attractive 
therapeutic targets for cancer treatment. 18 Although factors in 
the tumor microenvironment, such as fibroblasts, immune 
cells, and the extracellular matrix influence TGF-/?1 function, 
TGF-/?1 has been reported in the tumor microenvironments of 
prostate, breast, and brain cancers. 19 Similar to various 
cancer types, in the present study, we have confirmed that 
human meningioma tumors contain TGF-/?1 . As this is the first 
report demonstrating that meningioma tumors express TGF- 
we hypothesized that it could be responsible for cell 
signaling, which promotes tumor progression. 

In our in vitro studies, variation in invasive behavior of 
meningioma cells was evident at different concentrations of 
TGF-/?1 suggesting a complex role for TGF-/?1 . Similar to our 
observations, bi-functional nature of TGF-/?1 in immunoglo- 
bulin production 20 and biphasic functioning in fibroblast 
growth and migration 21 has been reported. Even though 
TGF-/?1 possesses contrasting functions, we focused our 
inquiry on its tumor-promoting role in meningioma. 

Degradation of the extracellular matrix marks the beginning 
of invasion and coupled to activation of proteolytic cas- 
cades 22 We observed a significant upsurge in uPA, MMP-2, 
and MMP-9 in treated cells, suggesting a causal role for TGF- 
/?1 in the invasion of meningioma cells. In agreement with our 
interpretations, Ellenrieder et al. 23 demonstrated that TGF- 
f$\ -induced invasion of pancreatic cancer cells is mediated by 
uPA and MMP-2. We noticed a significant induction of 
meningioma cell proliferation together with the expression of 
proteins that support cell cycle progression (e.g., Cdc42, 
cyclin-D) and antagonize apoptosis (e.g., XIAP, Bcl-XL) in 
TGF-^1 -treated cells. It has been reported that TGF-^1 
suppresses serum-deprived apoptosis in NIH3T3 cells 24 and 
potentiates the survival of MCF10a cells 25 The induction of 
p53 and its downstream effector p21 at low doses of TGF-/?1 
treatment further validates our earlier report on the possible 
oncogenic role of p53 26 and previous observations that 
meningiomas display an accumulation of p53 27 as well as 
dual functioning of p21 28 

There are numerous cascades through which TGF-/?1 
initiates survival signaling in cancer cells. 29 However, we 
found modulation of XIAP expression and SMAD-2 phosphor- 
ylation in meningioma cells. As XIAP and pSMAD-2 expres- 
sion is regulated by TGF-/?1, 16 we attempted to discern the 
pathways involved in TGF-/?1 signaling using inhibitor treat- 
ments. MEK and PI3K inhibitors quenched XIAP and pSMAD- 
2 expression, thereby highlighting the direct involvement of 
these pathways. TGF-/?1 induced signaling via ERK phos- 
phorylation in the collagen biosynthesis of mesengial cells and 
during NIH3T3 cell proliferation was also reported. 24 ' 30 On the 
other hand, PI3K-mediated TGF-/?1 signaling has not been 
widely reported. However, a recent study illustrates their 
participation in chronic myeloid leukemia pathogenesis. 31 Akt 
has been shown to phosphorylate and stabilize XIAP 
protein,, 32 therefore, inhibition of PI3K/Akt activity could be 
the stability of the XIAP. 

As XIAP is frequently overexpressed in different types of 
cancer, we studied its expression patterns in meningioma 



tissue sections and found very high incidence. In addition, 
XIAP shRNA abolished TGF-/?1 -induced migration, whereas 
immunoprecipitation analysis performed in shRNA-treated 
cell lysates established SMAD-2-mediated activation of XIAP 
and the underlying physical interaction between them. TGF- 
^ transduces signals through SMAD-dependent and inde- 
pendent pathways (reviewed in Dan et al. 33 ). However, 
positive regulation of XIAP gene expression in response to 
TGF-/?1 via SMAD-2 has been reported in uterine cancer 
cells. 16 Our function-blocking experiments abrogated the 
invasive potential of meningioma cells, attributing the causal 
effect to TGF-/?1 with accompanied modulation of XIAP and 
pSMAD-2. 

Abundant literature shows that pericellular proteases and 
their receptors are in close proximity with TGF-/?1 in the 
extracellular matrix or tumor microenvironment, and causally 
involved in remodeling of extracellular matrix. 34 Moreover, 
uPA was the first protease shown to have TGF-/?1 activating 
capacity in presence of membrane-bound uPAR in peritoneal 
macrophages. 35 In contrast, swift expression of MMP-2 and 
MMP-9 stimulated by TGF-/?1 has been shown to promote 
invasion and proliferation of pre-neoplastic breast epithelial 
cells 25 Cathepsin B and uPAR have key roles in the invasive 
and metastatic potential of different cancer cells, including 
meningioma. 36 ' 37 Bearing these things in mind, we hypothe- 
sized that the concurrent downregulation of uPAR and 
cathepsin B using a bicistronic shRNA construct may regulate 
TGF-/?1 -induced XIAP expression in highly invasive human 
meningioma cancer cell lines. We found that the down- 
regulation of uPAR and cathepsin B by pUC-inhibited TGF- 
/?1 -induced expression of XIAP and pSMAD-2 expression, 
consequently abolishing invasion and cellular proliferation in 
these cells. We also noticed a significant decrease of other 
proliferative and invasive molecules - which indicates an 
overall reduction in the aggressive characteristics-and 
eventual apoptosis. The presence of TGF-/?1 in orthotopic 
tumors formed by meningioma cells confirmed its bioavail- 
ability for progression of meningioma. Decreased levels of 
TGF-/?1 , XIAP, and pSMAD-2 in tumor lysates of pUC-treated 
animals are suggestive of their downstream function in 
meningioma progression. Based on the findings of our 
investigation, we propose a scheme of TGF-/?1 induced 
signaling with involvement of proteolytic system in menin- 
gioma cells with ERK, PI3K, XIAP, and SMAD-2 as down- 
stream effectors influencing cell cycle (Figure 6e). In 
conclusion, these results suggest that the tumor-promoting 
role of TGF-/?1 in meningioma is mediated by XIAP in a 
SMAD-2, PI3K, and ERK pathway-dependent manner. The 
present study shows that the targeting of TGF-/?1 -induced 
cellular proliferation and invasion using pUC may be a 
potential treatment for meningioma. 

Materials and Methods 

Ethics statement. The Institutional Animal Care and Use Committee of the 
University of Illinois College of Medicine at Peoria (Peoria, IL, USA) approved all 
surgical interventions and post-operative animal care. 

Construction of siRNA-expressing plasmids. Bicistronic constructs 
expressing siRNA for uPAR/cathepsin B (pUC) were constructed using a pcDNA3 
vector as described previously by our group, and all vectors were expressed under 
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the control of a CMV promoter. 38 For the scrambled vector control, we used a 
pcDNA3 vector with an imperfect sequence that does not form a perfect hairpin 
structure (pSV). 

Clinical samples. Meningioma tissue arrays were purchased from US 
Biomax, Inc., Rockville, MD, USA. Clinical meningioma tissue samples and blood 
samples were obtained from the institutional tumor bank (University of Illinois 
College of Medicine). 

Cell culture. We used the human meningioma lOMM-Lee and CH157-MN cell 
lines (kindly provided by Dr. Ian E McCutcheon, University of Texas MD Anderson 
Cancer Center, Houston, TX, USA and Dr. Yancey Gillespie, University of 
Alabama at Birmingham, Birmingham, AL, USA, respectively). All cells were 
cultured in high glucose-containing Dulbecco's modified Eagle's medium (DMEM). 
Cultures were supplemented with 100 ^g/ml streptomycin, 100 U/ml penicillin, and 
10% fetal calf serum and maintained in a humidified atmosphere containing 5% 
C0 2 at 37 °C. Cells were transfected, either alone or in the presence of TGF-/71, 
with pSV, pUC, or shXIAP using Fugene reagent (Roche Applied Science, 
Madison, Wl, USA) following the manufacturer's instructions. Transfected cells 
were maintained in serum-containing media for 48 h. The primary antibodies used 
for this study were anti-uPAR (R&D Systems, Minneapolis, MN, USA), cathepsin 
B, MMP-2, MMP-9, uPA, p53, BCL-XL, p21, XIAP, cyclin-D (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA), Cdc42, pSMAD-2, and anti-GAPDH (Cell 
Signaling Technology, Danvers, MA, USA) along with HRP-conjugated secondary 
antibodies (Santa Cruz Biotechnology). 

Western blot analysis. All meningioma cells were either stimulated with 
TGF-/?1 at various doses or transfected with bicistronic constructs (pSV, pUC) for 
48 h and kept under 21% 0 2 . Cell extracts were prepared in ice-cold RIPA buffer 
(50mmol/l Tris-HCI (pH 7.4), 150mmol/l NaCI, 1% IGEPAL, 1 mmol/l EDTA, 
0.25% sodium deoxycholate, 1 mmol/l sodium fluoride, 1 mmol/l sodium 
orthovanadate, 0.5 mmol/l PMSF, 10/zg/ml aprotinin, 10 ^g/ml leupeptin). The 
protein concentration in each extract was determined by BCA assay (Sigma- 
Aldrich, St. Louis, MO, USA). Cell extracts were subjected to SDS-PAGE, and 
proteins were transferred to nitrocellulose membranes and probed with primary 
antibodies (1:1000). Subsequently, they were probed with HRP-conjugated 
secondary antibodies (1 : 2000), and signals were detected using ECL reagents on 
X-ray films. 

Matrigel invasion assay. Meningioma cells were either stimulated with 
TGF-/71 at various doses or transfected with bicistronic constructs (pSV, pUC) for 
48 h. Cells (0.5 x 10 5 ) were placed into Matrigel-coated transwell inserts (Fisher 
Scientific, Pittsburgh, PA, USA) with 8-/*m pore size. Cells were allowed to migrate 
through the Matrigel for 24 h. Cells in the upper chamber were removed with a 
cotton swab. The cells that adhered on the outer surface of the transwell insert or 
had invaded through the Matrigel were fixed, stained with Hema-3 (Fisher 
Scientific), and counted under a light microscope as described previously. 39 

BrdU proliferation assay. All meningioma cells were either stimulated with 
TGF-/71 at various doses or transfected with pSV, pUC or shXIAP for 72 h. Cells 
were trypsinized, counted, and seeded at 2 x 10 4 cells per well in 96-well plates 
(12 replicates per group). Cellular proliferation was measured using cell 
proliferation ELISA, BrdU (colorimetric) kit as per the manufacturer's instructions 
(Roche, Indianapolis, IN, USA). Absorbance was measured on a microtiter plate 
reader (Model 680, Bio-Rad, Hercules, CA, USA) with a test wavelength of 370 nm 
and a reference wavelength of 492 nm. 

Immunoprecipitation. Meningioma cells were grown in 100-mm plates, 
transfected with pSV and XIAP siRNA either alone or in the presence of TGF-/?1, 
and lysed in 1 ml of immunoprecipitation buffer for 30 min on ice with occasional 
swirling. A volume of 1 ml of immunoprecipitation buffer lacking detergent was then 
added to each plate, and cells were scraped. We used the following 
immunoprecipitation buffer: ±0.5% 3-[(3-cholamidopropyl) dimethylammonio]-1- 
propanesulfonic acid, 150mM NaCI, 50 mM Tris-Hcl, 2mM EDTA, 2mM EGTA, 
2 mM Na 3 V0 4 , 2 fiM DTT, and protease inhibitor mixture. Next, cells were spun for 
20-30 min at 20000 x g, and the supernatants were used. Antibodies for pSMAD 
2 were added at a dilution of 1 : 100 to a total of 1 ml, and immunoprecipitations 
were performed at 4°C overnight with constant mixing. A volume of 50-100 /u\ of 
protein A or G beads were added, and the solution was allowed to mix for 1-3 h at 



4 °C. Immunoprecipitations were washed four times using the immunoprecipitation 
buffer and then brought up in 2 x Laemli buffer for protein electrophoresis and 
western blot analysis. 

Establishment and treatment of orthotopic intracranial tumors 
in athymic nude mice. Orthotopic tumors were established through 
intracranial injection of tumor cells into brains of athymic nude mice as described 
elsewhere. 40 Six animals were used for each group. lOMM-Lee cells were grown 
in serum-supplemented DMEM media for 2 days and trypsinized. 100000 cells 
were injected into anesthetized nude mice (50 mg/kg ketamine, 10 mg/kg xylazine) 
using a stereotactic frame. The animals were maintained for 1 week to allow the 
tumors to develop and then divided into four groups with six animals in each 
group. Alzet mini-osmotic pumps (Durect Corporation, Cupertino, CA, USA) 
containing 150 fig of plasmid at a concentration of 1.5 fiq/fil were set up for each 
animal. The animals were treated in two groups: one treatment group received 
pSV and the other group was treated with pUC and allowed to grow for 3-4 
weeks. Once the control group (SV treated) showed chronic symptoms, the 
animals were euthanized by cardiac perfusion using PBS followed by 10% 
phosphate-buffered formalin. The brains were removed and stored in 10% 
phosphate-buffered formalin and embedded in paraffin as described previously. 37 

Immunohistochemistry. Immunohistochemical analysis for TGF-/71 and 
XIAP was performed on the slide tissue microarrays (US Biomax) of clinical 
meningioma samples. Briefly, paraffin-embedded slides containing meningioma 
brain sections from meningioma groups were deparaffinized as per standard 
protocol. The sections were treated to inhibit endoperoxidase activity (0.03% H 2 0 2 
and 0.1% NaN 3 in PBS), blocked with 1% BSA in PBS and incubated with primary 
antibodies (1 : 100 dilution) at 4°C overnight. The sections were then washed in 
PBS and incubated with appropriate HRP-conjugated secondary antibodies for 1 h 
at room temperature. After 1 h, sections were washed in PBS and incubated in 
DAB for 30 min. The slides were further washed with sterile water and subjected to 
dehydration. After dehydration, the slides were stained with hematoxylin to 
visualize the nucleus, mounted, and observed under a light microscope. 
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